Human intestinal trefoil factor 3 (TFF3) is a member of a family of polypeptides encoded by a cluster of genes on chromosome 21. Through gene expression profiling studies TFF3 mRNA has been found to be overexpressed in prostate cancer. We used tissue microarrays and software tools, collectively referred to as TMAJ, for online assessment of staining to analyze samples from 294 primary tumors and 61 metastatic lesions. Applying a cutoff of 20 percent of cells staining as positive, the frequency of staining was 18.8% in normal (51 of 272) and 47.0% in primary tumors (126 of 268), p<0.0001, Wilcoxon rank sum). Expression of TFF3 in metastatic prostate cancer was similar to that in primary tumors. TFF3 expression was not associated with time to biochemical recurrence, development of distant metastasis, or death due to prostate cancer. Scoring data derived from visual estimation of expression correlated highly with semi-automated image analysis using the Automated Cellular Imaging System (ACIS™) from Chromavision, Inc. These studies validate that TFF3 is overexpressed at the protein level in a subset of primary and metastatic prostate cancers.
Introduction
Human intestinal trefoil factor (TFF3, gene symbol hITF) is a member of a family of polypeptides characterized by containing at least one copy of the trefoil motif, a 3leaved structure formed by 3 conserved disulfides within a 40-amino acid segment (1, 2) .
Trefoil peptides are expressed mainly in gastrointestinal and other selected epithelial tissues and are packaged along with mucins and secreted (3) (4) (5) . TFF3 was first identified in the rat intestine (6) and is constitutively expressed in the goblet cells of the small and large intestine (1, 3, 7) . TFF3 was later characterized for its role in reconstitution of an epithelial barrier after mucosal injury in the jejunum (8) . During the mucosal restitution process, TFF3 is required to maintain the integrity of the mucosal barrier to protect the epithelial layer against environmental insult, as well as, for promotion of wound repair by enhancing epithelial dispersion at sites of injury (9) (10) (11) . These characteristics have led to association of aberrant TFF3 peptide expression with a number of chronic inflammatory diseases including Crohn's disease, ulcerative colitis, and cholecystitis (12, 13) . In addition, TFF3 has also been shown to function as an epithelial anti-apoptotic factor, and neural signaling peptide (4, 14, 15) . TFF3 expression has also been documented in other tissues including the uterus (16) , breast (17) , hypothalamus/pituitary (15, 18) , salivary glands (19, 20) , conjunctiva (21, 22) , and respiratory tract (22, 23) .
Alterations in TFF3 expression have been observed in cancer cells, with overexpression reported in breast carcinoma (17, 24) , gastric carcinoma (25) , mucinous pancreatic tumors (26) , and both primary and metastatic colo-rectal carcinoma (27) .
Although the role of TFF3 in neoplasms remains unclear, its expression correlates with poor prognosis in gastric carcinoma (28) . While the related trefoil protein, TFF1, has been reported to be over-expressed in prostate cancer tissues (29, 30) , the present study, along with an accompanying paper by Garaway et al., (31) represent the first demonstration of TFF3 overexpression in prostate cancer.
In the original studies using mRNA expression profiling of Luo et al (32) , and in 2 other datasets as well (33) (34) (35) , TFF3 mRNA was found to be consistently up-regulated in the majority of prostate cancer specimens as compared to benign prostate tissue. The present study was performed to validate TFF3 overexpression at the protein level. In addition, using tissue micro-arrays containing a large number of specimens from primary prostate cancer, and novel software tools for online TMA image scoring (TMAJ (36, 37) ), we investigated the relation of TFF3 expression to pathological variables and its potential prognostic value. For prognostic studies we used a group of patients, all of whom developed biochemical recurrence (consistently elevated serum PSA) after radical prostatectomy, to correlate TFF3 expression levels with time to biochemical recurrence, development of clinical metastases (positive bone scan) and death due to prostate cancer.
Finally, as an initial demonstration of semi-automated image analysis of conventional bright field microscopy images of TMA spots, the visual estimation of immunostaining of TMA spots was compared with results obtained by using an Automated Cellular Imaging System (ACIS™ I) (38) (39) (40) (41) from ChromaVision Medical Systems.
Materials and Methods

Tissue Microarray Patient Selection and Construction
A total of 294 radical prostatectomy samples were selected from the Surgical Pathology files at The Johns Hopkins Department of Pathology with Institutional Review Board approval. Two groups were chosen. Group I contained 133 patients selected   arbitrarily from approximately 400 sequential cases performed between January, 2000 and August, 2001. Since the follow-up time was short for these patients, we only examined TFF3 expression in relation to preoperative serum prostate specific antigen (PSA) levels, and the pathological variables of Gleason grade and stage at radical prostatectomy. Group II contained 161 cases selected arbitrarily from a series of 304 cases obtained between 1982 and 1996 (42) with complete follow-information. Median follow-up in this group was 8 years. All patients in Group II developed biochemical recurrence, and a subset of these patients also developed clinically evident distant metastases (n = 48) or died from metastatic prostate cancer (n = 33). An additional array was constructed that consisted of metastatic prostate cancer tissue obtained by searching the archives of Surgical Pathology at Johns Hopkins Hospital for distant metastases. The metastatic tissue microarray contained 61 cases, including 51 lymph node metastases, 3 bone metastases and 7 soft tissue metastases. None of these patients were treated with hormonal therapy before surgery.
Tissue microarrays were prepared as previously described (43, 44) . Areas representing a portion of the largest, and/or highest grade carcinoma present, as well as areas of normal appearing prostatic epithelium from each case were circled on H&E stained glass slides. For each sample, a standard section was first immunostained with p27 Kip1 as a measure of adequate fixation (45) . In the vast majority of carcinoma cases, tumor areas were selected only if surrounded by normal appearing prostate epithelium, where strong p27 Kip1 staining of nuclei of luminal secretory cells was evident. Areas of normal were selected only if they contained moderate or strong nuclear p27 Kip1 staining in the majority of luminal epithelial cells. In all cases, tissue fixation was performed with neutral buffered formalin. For the Group II cases, fixation was generally performed by immersing whole prostates in formalin overnight prior to sectioning the prostate. For the Group I cases, the fixation was generally performed by formalin injection as described (45, 46) , or by placing relatively small portions of tissue in fixative to facilitate rapid fixation (47) . For each patient's specimen, four cores of tumor and four cores of normal tissue were placed into TMAs.
TMAJ as a Tissue Microarray Analysis Platform
A set of software tools and underlying relational database was developed to accommodate patient information storage, specimen data, paraffin block data, tissue microarray data, tissue microarray construction, and online image assessment and data export (36, 37) Additional information can be found at http://www.tmaj.jhmi.edu/. The structure of the relational database, evolved from the original Prostate Specialized Program of Research Excellence (SPORE) model (48) .
Visual image assessment tools were developed using the Sun Microsystems Java platform and are deployed over the internet using the Java Network Launching Protocol (JNLP) via Java™ Web start. Java™ Web Start retains many of the benefits of a traditional browser markup language's user interface, such as using a network URL as a launching point, and automatically updating client applications. The Java™ Web start programs, while being launch-able from a web browser, run as stand-alone applications that are web browser independent. Images were scanned using the Bacus Laboratories Image Scanning System (BLISS) and each TMA spot was exported as a composite image as previously reported (48) (49) (50) . The images were then copied to a secure server, where links to the images were created in the Sybase database using the TMAJ-Import program.
Images were then viewed over the internet on a personal computer using the TMAJ-Image application. The TMAJ-Image application supports the simultaneous side-by-side display of TMA spots stained with different stains on adjacent sections. This feature was used to compare 5 µm TMA sections stained against TFF3 with an adjacent 5 µm TMA that was doubly labeled against both alpha-methylacyl-CoA racemase (AMACR) and p63 (50) . P63 is a marker of basal cell nuclei in the prostate, which are characteristically absent in prostatic adenocarcinoma, and AMACR is a cytoplasmic marker that is elevated in expression in the majority of prostate cancers. All cases scored as carcinoma had an absence of basal cells in the specific glands evaluated, and the majority of the carcinoma cells were simultaneously positive for AMACR. A third slide, stained with standard hematoxylin and eosin was also available for simultaneous viewing. Diagnosis and stain quality assessments were assigned directly to the database. Another feature of the TMAJ-Images application supports random presentation of array spot images. This feature was used to minimize scoring bias based on array sample location. The scoring data were then linked to the pathology data and exported in text format, using the data export function of the TMAJ-Images application, for statistical analysis using Stata 8.0
for Microsoft Windows.
Semi-automated Image Acquisition and Analysis using the ACIS™
In addition to visual analysis, TFF3 expression levels in a subset of arrays were evaluated using the Chromavision ACIS™ I system (Chromavision Medical Systems, Inc., San Juan Capistrano California). The ACIS™ I system (version 2.30) consists of a computer controlled bright-field microscope coupled to a CCD camera capable of simultaneously detecting levels of hue (color), saturation (density) and luminosity (darkness). Using the ACIS™ software, threshold values for each parameter are optimized to permit color intensity based spectral resolution via a proprietary color-space transformation. The learn-by-example tool in the ACIS software package was used to train the system to separately recognize brown pixels (immunoreactivity) and blue pixels (counterstain). Threshold variables were adjusted until masked brown pixels visually correlated with immuno-positive epithelial cytoplasm and masked blue pixels correlated with areas of pure counter-stain in stromal tissue.
Since different TMA spots contained variable percentages of stromal tissue, we employed a normalization scheme involving comparing positive TFF3 staining area to the area of epithelial tissue as delineated by cytokeratin 8 (CK8) on adjacent TMA slides.
A total of 6 TMA slides, 3 each for TFF3 and CK8 staining, were scanned using the standard TMA template parameters for the ACIS™ system plus the pre-assembled arrayspecific topology file. Post-scan analysis began with optimization of software color recognition thresholds. Threshold values were established for scoring the brown staining detecting TFF3 and CK8 immunopositivity. For each array, threshold values were adjusted such that any appreciable immunopositivity was detected as brown pixels (brown area), while interspersed and adjacent counterstain was detected separately as blue pixels (blue area). The blue area was thesholded to detect stromal cytoplasm only, and used simply to compare similarity of adjacent cores--if counterstain deviated significantly, cores were excluded from analysis. For each pair of slides a value for TFF3 brown area and an adjacent CK8 brown area were generated and exported to an excel spreadsheet. After export, a normalized value was calculated as the fraction of epithelial area staining positively in each TMA core by dividing TFF3 brown area by CK8 brown area. To assess the efficacy of comparing adjacent sections for cytoplasmic immunostains, a pair of TMA slides separated by 20 µm were stained with CK8, then optimized and processed as above. The data generated for brown area between these two immunostains showed a tight correlation (r = 0.99), indicating that comparison of adjacent sections is a viable and reproducible method to quantify area of staining from tissue microarray spots.
Western Blotting
A total of 50 frozen sections 10 µm in thickness were cut and placed into conical tubes. The sections were solubilized in Laemmli sample buffer minus β-mercaptoethanol and Bromophenol Blue. Protein was quantified using the BCA reagent method (Pierce Biotechnology Inc., Rockford IL). 40µg of solubilized protein was subjected to SDSpolyacrylamide (8%-16% gradient) gel electrophoresis. Samples were transferred to nitrocellulose via semi-dry transfer using the discontinuous CAPS buffer system (Bio-Rad Laboratories, Hercules, CA). The blot was subsequently probed with the anti-TFF3 mouse monoclonal antibody (Calbiochem, clone 15C6/IgG1, San Diego, California) at a 1:100 dilution. Detection was conducted using the enhanced chemiluminescence ECL kit (Amersham Biosciences, Piscataway NJ).
Immunohistochemical Staining
Staining for TFF3 was carried out using the Envision + kit (Dako Corp, Carpentaria, CA.). Deparaffinized slides were dehydrated and then placed in citrate buffer (pH 6.0) and steamed for 20 minutes. Endogenous peroxidase activity was quenched by incubation with Dako peroxidase block for 5 minutes at room temperature.
Slides were then washed and incubated with primary antibody (1:50 dilution of antiserum) for 1 hour at 4°C. Secondary anti-mouse antibody-coated polymer peroxidase complex was applied for 30 min at room temperature. Substrate/chromogen (3,3'diaminobenzidine, [DAB]) was applied and incubated for 5 min at room temperature.
Slides were then counterstained with Mayer's hematoxylin.
For double labeling of AMACR and p63, slides were prepared as above and incubated with the anti-AMACR antibody (1:16,000 dilution of antiserum) overnight at 4°C. The anti-p63 mouse monoclonal antibody cocktail (1:100 dilution; Lab Vision Corp., Fremont, CA) was added after the anti-racemase antibody incubation, and incubated for 45 additional minutes at room temperature. The secondary anti-rabbit and anti-mouse HRP conjugates were mixed and added together, and the reaction was developed as above.
Slides stained with cytokeratin 8 for automated cellular analysis were prepared as above and incubated with the anti-CK8 antibody (1:800 dilution; InnoGenex, San Ramon, Ca) at room temperature for 45 minutes. The secondary anti-mouse HRP conjugate and chromogen were applied as above.
Matching TMA slides were prepared as above and incubated with the anti-Chromagranin A (1:3200 dilution; Chemicon International, Inc., Temecula, Ca) antibodies for 45 minutes. Secondary incubation, chromogen and counterstain were performed as described above.
Visual Estimation of Immunohistochemical Analysis
Due to the variable nature of TFF3 staining in terms of number of positive cells and intensity of staining, a three-variable scoring strategy was developed. These three 
Results
Western Blot and Immunohistochemistry Analysis of Control Tissue. TFF3
protein has been previously shown to be expressed in colon tissue while being absent in normal gastric epithelium (28) . A western blot was performed using fresh protein extracts of colon and normal gastric tissues obtained as flash frozen tissue from surgical specimens. Fig. 1a shows a specific band at approximately 8 kDa, consistent with the expected size, that was present in colon tissue and absent in normal gastric epithelium.
A second much less intense 17 kDa band was present in both tissue types, and was considered non-specific. Immunohistochemistry using this antibody showed strong intensity staining in normal colonic epithelium ( Fig. 1b ) and negative staining in gastric epithelium (not shown).
IHC Analysis of Radical Prostatectomy Specimens Using TMAs.
TMAs were constructed (n = 7) to contain clinically localized prostate cancer and matched normal appearing epithelium from 294 patients who underwent radical prostatectomy. Table 1 contains a summary of clinical and pathological data for these patients. The first pattern was cytoplasmic staining occurring in a variable number of luminal epithelial cells ( Fig. 2-3 ). The intensity of this staining was generally weak/moderate ( Fig   3 a-b ), but was occasionally strong. The second pattern was that of intense staining in scattered dendriform cells that were generally present in the basal compartment (Fig 3 f) .
This latter pattern of staining was suggestive of neuroendocrine cells (see description of neuoendocrine cell staining below).
Tumor tissue showed markedly increased staining as compared to matched normal tissue (p<0.0001, Wilcoxon rank-sum) ( Fig. 3 c-e ). The average number of usable TMA spots analyzed was 3.1 for both tumor and normal. A mean score for each diagnostic category (tumor or normal) was calculated for percent positive and percent strong for each patient (50) . These mean scores were used for all statistical analyses. Fig.  normal and tumor using the radical prostatectomy specimens. The mean percent positive staining for normal (n = 272 different patient samples) was 11.2 (SD 17.0) and that for tumor (n = 268 different patient samples) was 35.8 (SD 37.7). The mean percent strong staining for normal was 3.1 (SD 8.3) and for tumor was 21.0 (SD 32). Using a cutoff of 20% of epithelial cells staining above background to consider a specimen positive, the frequency of normal specimens staining positive was 51/272 (18.8%), whereas the frequency of positive staining in tumor tissues was 126/268 (47.0%) (Wilcoxon rank sum, p < 0.0001). Using a 20% cut-off value for strong positive staining, the frequency of cases staining strongly in normal was 13/272 (4.8%), while that for tumor tissue was 84/272 (31.3%) (Wilcoxon rank sum, p < 0.0001). A summary of these data appear in Table 2 .
Relation of TFF3 Staining to Pathological Variables at Radical
Prostatectomy and to Clinical Outcome. When combining both Group I and Group II (n = 294, Table 3 ), there was an inverse correlation between TFF3 expression (mean percent positive cells) and overall pathological stage, as well as presence of extraprostatic extension (capsular penetration) seminal vesicle invasion, and pelvic lymph node metastasis. However, when the two groups were analyzed separately, the inverse correlation between TFF3 levels and pathological stage was only apparent in Group II (data not shown). In Group II patients there was no relation between levels of TFF3 expression and time to biochemical recurrence, presence of distant metastasis, or death due to prostate cancer (Tables 3 and 4 ).
Comparison of Visual Estimation of Percentage of Cells Staining with
Automated Image Analysis using the ACIS™ I. A subset of three TMA slides that were scanned with the BLISS workstation and scored visually were re-scanned using the ACIS™ TMA application. This application allows the user to define a grid that is overlaid onto an image of the TMA. For each identified TMA spot, quantitative data regarding area and intensity of brown staining was generated. For this study, we only used the brown area data and not intensity data. Data for each TMA spot was then exported as a Microsoft Excel spreadsheet and linked to the previously collected image diagnosis data. A total of 717 TMA spots were usable for analysis. To ensure an accurate assessment of the epithelial area staining positively in each TMA core with assigned diagnosis, TMA spots known to contain both tumor and normal tissues (n = 82) were eliminated, and percent positive scores were calculated by dividing TFF3 brown area by total area of epithelium defined by CK8 staining. Automated scoring data of the remaining TMA spots (n = 635) by the ACIS™ I correlated highly with the visual estimation of percent positive staining (r = 0.84, P = <0.0001) ( Fig.5 ). TFF3 showed clear overexpression in tumor samples when compared to normal tissues using the data generated from the ACIS™ I (Wilcoxon rank sum, p<0.0001).
Intense Staining of Neuroendocrine-like cells. The dendriform cells with
intense TFF3 staining were recognized in 335 TMA spots representing 156 of the 294 cases. These cells were present in normal appearing epithelium in 150 cases, but were present in the cancer in only 6 cases. To provide further evidence that these cells represent neuroendocrine cells, an adjacent section of one of the TMAs was stained with the chromogranin A. Although there were somewhat more cells staining with chromagranin A, the pattern of staining for dendriform cells was similar, supporting the hypothesis that the dendriform cells staining intensely positively for TFF3 are of neuroendocrine origin (data not shown). Further support comes from the positive staining for TFF3 in pancreatic islet cells (see below).
IHC analysis of Prostate Cancer Metastases. TFF staining was analyzed in
prostate cancer metastases from a total of 61 patients (3 bone, 51 lymph nodes, and 7 soft tissue). The mean percent positive staining in metastatic tissue was 35.9 (SD 39.0), whereas the mean percent strong was 19.3 (SD 30.7) ( Table 2) . Thus, the staining of metastatic prostate cancer lesions was similar to that of primary carcinomas.
TFF3 Protein Expression in Other Tissues. Several normal human tissues that
were included on the TMAs as controls showed staining for TFF3. In addition to goblet cells in the colon and ileum, the vast majority of epithelial cells from thyroid showed strong cytoplasmic staining for TFF3, as did minor laryngeal mucin-secreting salivary glands. The endocrine pancreas (islets) was weakly positive in most cells. Thymus, spleen, tonsil (both epithelium and lymphoid tissue), skin, skeletal muscle, smooth muscle (from multiple organs), kidney, bladder, esophagus, brain (gray and white matter and cerebeller cortex), seminal vesicle and testis were all negative (data not shown).
DISCUSSION
In this study we demonstrate by immunohistochemistry that TFF3 is overexpressed in a subset of primary and metastatic prostate cancer specimens. This work, therefore, validates another candidate gene discovered to be overexpressed at the mRNA level using RNA expression profiling of frozen clinical samples of prostate tissue.
This work is in close agreement with findings of Garraway et al., who also recently identified overexpression of TFF3 at the protein level in prostate cancer (31) . These similar findings occurred in both studies despite the facts that two different patient populations were studied and two different antibodies were used. We also present the first use of our tissue microarray software analysis package, TMAJ, which allows scoring of TMA images over the internet. Finally, we also demonstrated the feasibility of using the ACIS™ by Chromavision Medical Systems to automate the scoring of TMA spots using brightfield microscopy.
The percentage of cells staining positive and percentage of cells staining strong correlated inversely with pathological stage and preoperative serum PSA when Group I and Group II patients were analyzed together. However, when separated by time of surgery the inverse relation was present only in the Group II (those with long term follow-up). Since the staining levels did not correlate with outcome, the inverse relation between TFF3 staining levels and pathological stage does not appear to be clinically important. The fact that Garraway et al. also did not find TFF3 to be a prognostic marker in their study (31) indicates that this lack of prognostic value may not simply be a feature of our study population.
While this study does not indicate whether TFF3 is facilitating carcinogenesis or simply represents a passive marker linked to some other relevant pathway, it does identify a subset of prostate cancers that overexpress the protein as compared to normal epithelium. Atypical expression of all three known trefoil factor peptides has been associated with a range of inflammatory diseases and adenocarcinomas (12, 13, 17, (24) (25) (26) (27) (28) (29) (30) .
However, no discrete function has been ascribed to this altered expression in cancer.
TFF3 function in normal cells ranges from mucosal protection and maintenance to neurotransmission. One or more of these functions may explain the low level expression in the normal prostate. Other reported characteristics of TFF3 may prove more directly relevant to carcinogenesis. For example, TFF3 can trigger phosphorylation of the epidermal growth factor receptor, providing protection against p53 independent apoptosis (51) . Also, TFF3 has been reported to induce sustained tyrosine phosphorylation of β and γ catenins (52) , which would result in the down regulation of various cell adhesion molecules. This phosphorylation may be responsible for the enhanced dispersion necessary to promote greater motility, which is thought to be a key property of cancer cell invasiveness and metastatic potential (53) .
Tissue microarrays are proving instrumental in the ability to increase the throughput of analysis of human clinical specimens as related to disease biology and clinical outcome (54) (55) (56) (57) (58) (59) . Yet, TMA technology presents problems in data analysis and management. To more fully exploit the potential information derived from TMA analysis, several groups have been working on developing software tools to facilitate scoring of digitally imaged TMA spots with simultaneous storage of data directly into a relational database or spreadsheet (48, 49, 60, 61) . We have been developing our own version of this approach in which the software programs and database are referred to as TMAJ (36,37) (J standing for the Java programming language and Johns Hopkins) and present here the first study using these tools. TMAJ is designed as a comprehensive, secure, HIPPA-compliant, tissue microarray database that can store clinical and pathological data from multiple organ systems and that facilitates viewing and scoring of TMA images over the internet. The database is compatible with emerging standards for TMA data structures (62) . It also provides a tool for export of scoring data linked to relevant clinical-pathological information, in a tab-delimited or spreadsheet form, amendable to statistical analysis and data-sharing. In brief, this software and database facilitate rapid assessment of biomarkers using TMAs.
While TMAJ and other databases facilitate data handling and online image scoring by a pathologist or trained technician, it is clear that in order for biomarkers to be more rapidly screened in large numbers of clinical specimens, more automated systems of immunohistochemical scoring are needed. Recently Camp et al. presented a powerful approach to automated TMA image analysis and quantification using TMAs stained by immunofluroescence (63) . While this method is extremely promising, there have been no studies using automated or semi-automated scoring of TMAs prepared for conventional brightfield microscopy. In this study we show the first example of this semi-automated TMA immunohistochemistry scoring using the ACIS™ I from Chromavision. Met, metastatic lesions. Regional, pelvic lymph nodes. Distant, bone or distant soft tissue metastasis. No significant difference (Kruskal-Wallis) among groups (p = 0.96 for any positive staining group, and p = 0.91 for strong positive staining group). There are 151 of the 161 patients in Group II that had data from tumor tissues available for analysis. 
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